M
etabolic adaptation is vitally important for cellular function, stress adaptation, and survival. This is particularly true in metabolically highly active tissues. In heart, 1 brain, 2 kidney, 3 adipose tissue, 4 muscle, 5 and blood vessels, 6 the ATP-dependent potassium channels (KATP channels) emerge as the most important sensors of cellular energy status. 7 During metabolic stress, these heterooctameric channels open in response to an increased cytoplasmic ADP/ATP ratio, thereby hyperpolarizing the cell and reducing the calcium influx and metabolic demand. 1 KATP channels protect cardiac myocytes in pathophysiological situations, 8 as well as during vigorous exercise. For example, mice with knockout of the pore-forming KATP channel subunit KIR6.2, or mice overexpressing dominant negative KIR6.1, tolerate only half of the workload compared with wild-type mice, and half of them die. 9, 10 KATP channels are, however, amazingly diverse, varying in their subunit composition from one tissue to the next. The potassium channel pore consists of 4 KIR6.2 subunits in left ventricle, 11 pancreatic ␤-cells, 12 and vascular endothelium 13 and mainly of 4 KIR6.1 subunits in vascular smooth muscle. 14 The brain 2 and skeletal muscle 15 express both KIR6.1 and KIR6.2. The same cardiac tissue may change its subunit composition: subunit Kir6.1 is increasingly expressed in left ventricle following ischemia, 16 exercise, 17 or treatment with K ATP channel agonist. 18 Moreover, differences in subunit composition of cardiac KATP channels arise during development, aging, and between male and female. 19 -21 The varying expression of the regulatory subunit sulfonylurea receptor (SUR) adds additional complexity. SUR2A is expressed in left ventricle, 22 SUR1A in pancreatic ␤-cells, and SUR2B in vascular smooth muscle. 23 The puzzling molecular diversity of these metabolic sensors raises 2 unresolved questions. What mechanisms cause the varying expression of the KATP channel subunits? Is altered composition of KATP channels coordinated with altered metabolic control? We previously found that atria and ventricles strikingly differ in KATP channel properties and sensitivity to ADP 24, 25 and sought to determine whether corresponding differences existed in transcriptional mecha-nisms. Accordingly, our bioinformatics approach reveals that Forkhead transcription factors (Foxs) would be prime candidates mediating KATP channel expression ( Figure 1 and Tables 1 and 2) . Foxs have been known since 1990. Their specific DNA-binding domain is highly conserved through animal evolution. They are emerging as key players in developmental and metabolic processes and could act as transactivators or transrepressors. 26 Their powerful role is attested by the fact that some Foxs, such as FoxA, can act independently of acetylation or compaction of the nucleosome. In pancreatic ␤-cells, FoxA2 causes expression of a cluster of genes including SUR1-KIR6.2, GLUT2, glucokinase, hexokinases, and L-pyruvate kinase. 27 The number of Fox members seems to correlate with anatomical and functional complexity: there are 4 Fox genes in Saccharomyces, 15 in Caenorhabditis, 20 in Drosophila, and 39 in Homo sapiens. 26 Potential binding sites for Foxs also exist on many genes encoding glucose and fatty acid transporters and enzymes of the glycolytic and ␤-oxidation pathway (Table 3) . Thus Foxs possibly coordinate the expression of KATP channels and enzymes and transporters of metabolic pathways. The experiments described below support this hypothesis.
Materials and Methods

Cell Culture
Hearts from 2-to 3-day-old rats were carefully microdissected to separately collect right atrial appendages, left atrial appendages, left ventricles, and right ventricles. The tissues were incubated for 4 hours at 4°C in trypsin (2.5%) and dissociated for 15 minutes at 37°C. After preplating at a density of 130 000 cells/cm 2 on plastic to remove a majority of fibroblasts, the suspended cells were plated and cultured for 24 hours on plastic dishes for the extractions of mRNA and protein. Cells were also plated at low density (10 000 to 50 000 cells/dish) on fibronectin-gelatin coated 22-mm glass slides and cultured pending immunocytochemistry or patch-clamp recordings, as described previously. 28, 29 Medium was DMEM-F12 with 10% FBS, insulin-selenium-transferrin, penicillin-streptomycin, and ascorbic acid. To prevent fibroblast proliferation, 20 mol/L cytosine arabinonucleoside was added to the culture medium. Contamination with vascular smooth muscle cells or myofibroblasts was 9.1Ϯ2.2% after 48 hours (meanϮSEM, Nϭ10), as ascertained by immunofluorescence for ␣-smooth muscle actin (antibody was provided by Dr M.-L. Piallat, Centre Médical Universitaire, Geneva, Switzerland).
The HL-1 mouse atrial cell line 30 was a generous gift from Dr William C. Claycomb (LSU Health Sciences Center, New Orleans, La). HL-1 cells were cultured under a 5% CO2 atmosphere in Claycomb medium (JRL Bioscience) supplemented with 10% FBS, 4 mmol/L L-glutamine, 0.1 mmol/L norepinephrine, 100 U/mL penicillin, and 100 g/mL streptomycin. The medium was replaced every 24 to 48 hours. Cells were grown in T75 culture flasks or on 22-mm glass coverslips that were precoated overnight with Dulbecco's PBS containing 0.012 mg/mL fibronectin and 0.2 mg/mL gelatin.
Myocardial Infarction
This investigation conforms to the NIH Guide for the Care and Use of Laboratory Animals. Myocardial infarction was induced in 200-to 225-g male rats by ligature of the left coronary artery as described. 31, 32 Control rats underwent a sham operation. One, 7, 28, and 140 days after coronary occlusion, the heart was excised under MLC2a  D3 F1 F2 I1 J1 J2*  A1 A2  A1 A2 P1  P1  A1 A2 C1 D3 F1 F2 I1 J1 J2 L1*   proANP  Q1  P1  A1 A2 C1 D3 F1 F2 I1 J1 J2 L1*   MLC2v  A1 A2 D3 I1 J2  P1  P1   proBNP  A1 A2 D3 I1 
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deep pentobarbital anesthesia (150 mg/kg IP). The infarct border zone, defined as the myocardium 2 mm around the infarct scar, was carefully dissected out. Cardiomyocytes were isolated by incubation in collagenase solution, followed by stepwise recovery to physiological calcium levels.
RNA Extraction, Reverse Transcription, and Real-Time PCR
Total RNA was extracted by disrupting cells in TRIzol reagent (Invitrogen) and prepared according to recommended procedures. The quality of RNA was controlled in agarose gels by the 18S/28S ratio. RNA concentration was measured by spectrophotometry at 260 nm, and their quality was controlled by the 280/260 nm emission ratio. RNA was subjected to DNase I to remove all genomic DNA contamination with DNA-free (Ambion) as indicated by the manufacturer. Reverse transcription was performed on 1 g of total RNA with Thermoscript (Invitrogen), random primers, and dNTP as indicated by the manufacturer. Real-time PCR was performed on cDNA with SYBR Premix ExTaq Takara in an I-Cycler thermocycler (Bio-Rad). Oligonucleotides were designed with the software Primer express 2. Specific TaqMan probes were synthesized by Applied Biosystems and primers by Microsynth (for primers and probes, see Table 4 ). The standard curve method was used for relative quantification. The mRNA values were normalized by the corresponding 18S rRNA and cyclophilin mRNA. The different normalization procedures yielded similar results.
Electrophoretic Mobility-Shift Assays
Nuclear extracts from cell cultures were prepared according to the method of Schreiber et al. 33 Hela cells were used as positive control of the method, using probes for SP-1. Transfected HL-1 cells and nontransfected primary cultured atrial myocytes were used for the tests. Positive controls for Fox binding were made with HL-1 cells transfected with FoxO1 plasmid. Oligonucleotides were obtained from Microsynth: ATTCGATCGGGGCGGGGCGAG for the transcription factor SP-1 as a positive control; TGATGAGTGTTTGTT-TATGAG (FoxO probe; Figure 4A ) and GATGAGTGTTTAT-TATATGAG (FoxO1 probe; Figure IC and ID in the online data supplement) for the consensus sequence (mouse, rat, human conserved) found in the KIR6.1 promoter. Oligonucleotides were labeled by the T4 polynucleotide kinase with [␥-32 P]ATP and purified on spin columns (NucleoSpin extract II [MN] ). The labeled probes (80 000 to 100 000 cpm) were incubated with, or as a control without, the nuclear extracts in gel shift-binding buffer (20% glycerol, 5 mmol/L MgCl 2 , 2.5 mmol/L EDTA, 2.5 mmol/L dithiothreitol, 250 mmol/L NaCl, 50 mmol/L Tris-HCl (pH7.5), 0.25 mg/mL poly(dI-dC). Cold probe was coincubated for displacing the radioactive probe. Electrophoresis of DNA-protein complexes was performed on 4% polyacrylamide gels (60:1 acrylamide:bisacrylamide). Gels were dried and placed for at least 5 days against an autoradiographic film with an amplification screen at Ϫ80°C.
Western Blot
Cell cultures were disrupted with lysis buffer (25 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L EDTA, 1% [vol/vol] Triton X-100, pH 7.5, supplemented with a cocktail of protease inhibitors [Roche] ). Fifty micrograms of protein were loaded on a polyacrylamidesodium dodecyl sulfate gel that was blotted on a 0.45-mm nitrocellulose membrane BA85 (Schleicher et Schuell), as described 
Plasmids
FoxF2 expression plasmids were a generous gift from Dr P.
Carlsson, Göteborg University (Göteborg, Sweden). 34 Wild-type FoxO1-GFP expression plasmids were a generous gift from Dr T.G. Unterman (McGill University, Montreal, Canada). 35 FoxO3a expression plasmids were ordered at ADGENE and are the original Figure 2 . Fox-induced expression of KATP channel subunit and metabolic genes in the HL-1 mouse atrial cell line. Each mean and SEM stems from 3 to 8 separate cultures and transfection series. *PϽ0.05 relative to no transfection and empty vector; ϩPϽ0.05 relative to F2, O3. mRNA levels were determined twice for each culture. For abbreviations, see Table 3 . Note predominant effect of FoxF2 and FoxO on KIR6.1, inhibition of glycolytic genes by FoxF2, and stimulation of ␤-oxidation genes by FoxO. 
Small Interfering RNA
Small interfering (si)RNAs were obtained from Invitrogen to knock down mouse FoxO1 and -O3 and were successfully tested in HL-1 mouse atrial myocytes. Because the design was optimized to also knock down rat Fox, 1 of the siRNA for FoxO1, and 2 of the siRNAs for FoxO3 also worked in rat. siRNAs with scrambled sequence served as control. A fluorescent siRNA was used as a control for successful electroporation. For each culture well, 1 electroporation (see below) was performed immediately after cell dissociation on 2 million preplated cells. Up to 6 wells were pooled for RNA extraction from the cultures 24 hours later. Each pooled sample served as 1 single data point, and 5 to 7 data points per gene were averaged for the statistical analysis.
Cell Transfection and Electroporation
Lipofections of HL-1 cells were performed with Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. Cells were lysed 48 hours posttransfection. For single-cell studies, primary cultured myocytes were electroporated with a Bio-Rad Genpulse electroporator as described. 28 For nucleoporation of primary cultured atrial myocytes with siRNAs, protocol no. 09 of Amaxa AG (Köln, Germany) was applied, as recommended by the manufacturer.
Immunocytochemistry, Confocal Microscopy, and Quantitative Imaging
Myocytes were fixed in 2% paraformaldehyde and stained as described, 28 using antibodies listed previously. Image stacks of immunostained cultures were acquired on a confocal microscope at a fixed laser setting and analyzed. 28 For each cell, the mean background-subtracted fluorescence of regions of interest (nucleus, cytoplasm) was determined with Metamorph software at 3 z-positions, normalized by exposure time, and averaged; means of averagesϮSEM were obtained for groups of 10 to 16 cells. For example, red fluorescence of KIR6.1/Texas Red was plotted as function of cytoplasmic or nuclear green fluorescence of FoxO1-enhanced GFP (EGFP).
Bioinformatics
Promoter analysis was performed online at the Lawrence Livermore Institute Laboratory (http://www.dcode.org) for the following genes: SUR1-KIR6.2, SUR2-KIR6.1, MLC2a, MLC2v, proANP, proBNP, and the metabolic genes listed in Tables 1 and 2 . The analysis of the promoter across species was performed for chicken, mouse, rat, and 
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human with the ECR Browser software (http://ecrbrowser.dcode. org). The alignment between pairs of promoter regions was performed with blastz software and designed with zpicture (http:// zpicture.dcode.org). This alignment was submitted to Rvista2 to identify the putative transcription factor binding sites at http:// rvista.dcode.org. The putative promoter and transcription factor binding regions were confirmed with Genomatix ElDorado and Gene2Promoter software.
Electrophysiology
Whole cell patch-clamp recordings of the KATP current were obtained as described previously. 24, 25, 29 From a holding potential of Ϫ40 mV, voltage ramps were imposed every 30 seconds from Ϫ80 to ϩ90 mV over a 10-second period. This resulted in quasi-steadystate current-voltage curves. Membrane potential was measured in current-clamp mode at 0 pA at the end of each ramp. The pipette solution contained (in mmol/L) 120 KCl, 1. 
Results
Abundance of Fox-Binding Sites on SUR-KIR6 and Metabolic Genes
Alignments of chicken, mouse, rat, and human genes coding for KATP channel subunits and metabolic enzymes allowed us to identify the most highly conserved sequences in the 5Ј upstream region and the presumed transcription factor binding sites (Figure 1 ; detailed charts are available on request). In sequences 5Ј upstream of the Kir6.1 coding region, Rvista2.0 finds a high redundancy of binding sites for FoxO1, -O3, -O4, -F2 (FREAC2), -C1 (FREAC3), -D1 (FREAC4), -L1 (FREAC7), and a common Forkhead consensus site. Immediately upstream of the SUR2 coding region, Rvista2.0 finds almost the same sites: FoxO1, -O3, -F2, -D1, -D3, -J2, -P1, and a common Forkhead consensus site. For the Kir6.2 gene, Rvista finds only 1 putative site for FoxC1 (FREAC3) and high redundancy for MEF2, OCT, SREBP1a, SP1, AP2, and NF-B. Presumed promoter sequences of KATP channel subunits were also aligned with presumed promoter sequences of proANP, proBNP, MLC2a, and MLC2v (Tables 1 and 2 ; detailed charts available on request). There are 15 highly conserved sequences 5Ј upstream of the Kir6.1 gene (more than 90% sequence identity between species) but only 2 sequences 5Ј upstream of the SUR2 gene. Alignments of the KIR6.1 promoter with putative atrial markers (MLC2a and proANP promoters) yield striking clusters of binding sites for FoxA1, -A2, -C1, -D3, -F1, -F2, -I1, -J1, -J2, and -L1 (Tables  1 and 2 ). Alignments with the MLC2v and proBNP promoter regions yield negative results, except for FoxP1.
A similar analysis on metabolic genes yields clusters of Fox binding sites on the CD36, LPL, FABP3, MCAD, ACC␤, and MCD promoters for the ␤-oxidation pathway and on the GLUT4 and PKM promoters for the glycolytic pathway (Table 3) . Interestingly, a Foxs cluster is also observed for SREBP1a, as are binding sites for SREBP1a, HIF1␣, PPAR, and Nkx2.5. Thus in silico, Foxs emerge from a library of 430 transcription factors as the most prevalent transcriptional regulators of KATP channel subunits and metabolic pathways. A, mRNA levels were quantified by realtime PCR (I-Cycler, Bio-Rad) with specific primers (see Table 6 ) and normalized by the 18S ribosomal RNA level. Each mean and SEM is from 8 different myocyte cultures. The myocytes were dissociated from the tissue, purified by preplating, and cultured in cytosine arabinonucleoside. Contamination by fibroblasts or vascular smooth muscle cells was Ͻ9%. Individual measures were determined twice on extracts of each culture. Note differential distribution of Foxs, with high levels of FoxA2, -C2, and -F2 in the left ventricle (LV), high levels of FoxO1, -O3, -O4, and -P1 in right and left atria (RA and LA), and high levels of FoxJ2 in right heart (RA and RV). *PϽ0.05 relative to ventricles, ϩPϽ0.05 relative to left heart, #PϽ0.05 relative to all others. B, Differential expression of Foxs results in differential expression of KATP channel subunits (shown in Figure 6 ). Associations between Fox and channel subunits are marked in black (significant, positive), gray (significant, negative), and white (nonsignificant). For details, see Table 4 . Note predominant associations with FoxF2 and FoxO.
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FoxO3 increases expression of medium chain acyl CoA dehydrogenase (MCAD). The metabolic sensor AMPK␣1 is also upregulated by FoxO1 and -O3. Additional findings confirm previous studies on other cell types 40 and LPL 41 ; gluconeogenesis, glycolysis, and lipid gene expression. 39 Putative Fox binding sites also exist on peroxisome proliferator-activated receptors (PPARs), which positively impact on fatty acid oxidation, as confirmed by experiments on HL-1 cells. The results thus suggest cause-and-effect between Foxs and expression of KATP channels and metabolic genes.
Causal Relationships Between FoxO and Channel Subunit Expression Are Demonstrated by Electrophoretic Mobility-Shift Assays and siRNAs
Nuclear extracts from mouse atrial HL-1 myocytes overexpressing FoxO1 slow down the gel migration of a P 32 -labeled oligonucleotide with FoxO consensus sequence that is present in the KIR6.1 gene promoter. Cold probe erases this shift ( Figure 4A, top) . Nuclear extracts from nontransfected primary rat cardiomyocyte cultures also cause a shift of the radioactive FoxO probe, and the cold probe decreases the intensity of the shifted band by Ͼ90% (supplement Figure IC  and ID) . Cause-and-effect is further indicated by a 76% to 83% decrease in expression of KIR6.1 mRNA, 24 hours following electroporation of primary cultured rat atrial myocytes with anti-FoxO siRNAs ( Figure 4B ). Remarkably, anti-FoxO1 siRNA affects primarily FoxO1 and less so FoxO3 mRNA, and vice versa, but both types of siRNAs inhibit KIR6.1 expression relative to the control with scrambled sequence.
Coordination of Tissue-Specific Expression of Fox, Channel Subunits, and Metabolic Genes in Neonate Rat Cardiomyocytes
Atria and ventricles differ in their development and mechanical stress; right and left heart are exposed to different oxygen tension. Would they differ in Fox, channel subunits, and metabolic genes? This is indeed the case. FoxA2, -C2, and -F2 display the highest mRNA levels in the left ventricle, whereas FoxO1, -O3, -O4, and -P1 are highly expressed in the atria ( Figure 5A ). FoxM1 is expressed at the same level in all cardiac compartments (supplemental Figure II) . There is a right/left heart difference in expression for FoxJ2. At the protein level, FoxO3 protein is expressed more strongly in right atrium and FoxF2 in left ventricle. This is indicated by Western blots (Figure 6 ) and quantitative immunocytochemistry (supplemental Figure IIIA) . FoxO3 is mainly localized in the nucleus. FoxF2 resides in both the nucleus and perinuclear zone ( Figure 6A2 and 6B2 ).
Significant associations exist between Fox and KATP channel subunit mRNA: both positive (in black: FoxJ2, -O1, -O3) and negative (in gray: FoxD3, -F2) ( Figures 5B, 6A3 , and 6B3; details in Table 5 ). Atria express 4-to 12-fold higher levels of KIR6.1 and SUR1A mRNA than ventricles, and right heart expresses up to 6-fold higher levels of SUR2B mRNA than left heart ( Figure 7A ). SUR2A, KIR6.2,l and SUR1B mRNAs are evenly distributed throughout the cardiac chambers. Significant associations also exist between Fox and metabolic enzyme mRNAs (Table 5 ). In general, ventricles express higher mRNA levels for all enzymes and transporters studied ( Figure 8) ; many of these findings are new, and others extend previous results. 42, 43 Protein levels generally conform to the mRNA measurements ( Figure 7B ). Kir6.1 is significantly (2-fold) higher in atrial than ventricular myocytes, whereas KIR6.2 is evenly distributed throughout. Immunocytochemistry shows the presence of KIR6.1 protein in myocytes, displaying the typical striated pattern in left ventricular myocytes ( Figure  7C ), a patchy pattern in atrial myocytes, and a mixed pattern in right ventricle. These most probably reflect the different amounts of contractile proteins present in neonatal myocytes. SUR2B expression is highest in atria and very low in left ventricle (supplemental Figure IIIB) .
High Expression of Foxs Following Myocardial Infarction
Results so far indicate a tissue-specific, Fox-related expression of KATP channel subunit and metabolic genes, possibly caused by the varying metabolic challenges. Would ventricular tissue, when exposed to stress, acquire new Fox-related characteristics? Because FoxO1 and -F2 knockout mice are not viable, we tested this hypothesis in a rat model of myocardial infarction, 31 where KIR6.1 and SUR mRNAs are highly expressed in the infarct border zone. 44 This zone is exposed to low PO 2 and high mechanical stress. 45 We tested in these same rats the time-varying patterns of Fox expression. Myocardial infarction elicits waves of Fox expression, starting with FoxC2 and -O1 at 7 days, continuing with FoxO3 and -J2 at 56 days, and FoxF2, -O3, and -J2 at 20 weeks (open circles, Figure 9A ). Overexpression of genes in the periinfarcted zone reaches mRNA copy numbers found in the Fox-transfected HL-1 cell line. No significant changes occur in FoxA2, -O4, -D3, -P1 ( Figure 9A ) and -M1 (supplemental Figure IVA) . In shams (closed circles), all Fox mRNA levels remain stable over the 20 week period.
Changes in Foxs parallel changes in KATP channel subunit mRNA. The most striking results are the strong positive associations between FoxF2 and KIR6.1, SUR1A, SUR2A, and SUR2B ( Figure 9B and Table 6 ), and associations with FoxO1, -O3, -J2, and -C2. These represent almost the same set of transcription factors revealed in studies on neonate rat myocytes. Note that at these high levels of FoxF2 expression, there is a high expression of KIR6.1, as in HL-1 cells.
Other potassium channels, such as IK1 (KIR2.1, KIR2.3), 46 Ito (Kv1.4), 47 IKs (KvLQT1), 48 and IKAch (KIR3.1), 49 also display a regional expression in the heart. However, Rvista bioinformatics analysis of their 5Ј promoter/enhancer regions fails to suggest a clear implication of Foxs. Indeed, no association was found between Foxs and KIR2.1 or KvLQT1 mRNA after myocardial infarction (supplemental Figure IVB and IVC).
Functional Plasticity Matches Molecular Plasticity of KATP Channels
A remarkable molecular plasticity thus exists for Foxs and channel subunits, indicating a pronounced expression of subunits KIR6.1, SUR1A, and SUR2B in regions (right atrium, left ventricle infarct border zone) exposed to low PO 2 . Atria are already known to display increased diazoxide sensitivity in correlation with increased metabolic sensitivity of the KATP channels, 25 but right/left differences had not yet been examined. Right atrial myocytes from neonatal rats readily responded to 100 mol/L diazoxide by generating within 3 to 4 minutes an inwardly rectifying potassium current of 250 to 550 pA (eg, Figure 10A1 ). Subsequent 100 mol/L pinacidil (P-1075) only slightly increased the current by 200 pA. The potassium current was totally abolished by 1 mol/L glibenclamide, as expected. Diazoxide 
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(100 mol/L) hardly induced any current in left ventricular myocytes (eg, Figure 10A2 ), whereas pinacidil induced a current comprised between 500 to 1000 pA (positive control).
In Figure 10A4 , the current densities clearly indicate a high sensitivity to diazoxide in right and left atrium and right ventricle, and a low sensitivity in left ventricle. In contradistinction, the current densities in response to pinacidil were statistically identical in all tissues ( Figure 10A5 ). The myocyte KATP current in the highly stressed infarct border zone of the left ventricle is also highly sensitive to diazoxide. 44 To better characterize the functional implications, another series of experiments was performed on 24 cardiomyocytes by mimicking a metabolic challenge with a very low concentration ( 
Discussion
The capability of adapting cellular function and energy metabolism to varying physiological and pathological conditions is vitally important in animal cells. In the present work, we show that the Fox family may play a central role in expression of both molecular sensors of energy status and key regulatory genes of energy metabolism. First, in atrial cells, the expression of FoxO1, -O3, and -F2 cause increased expression of KATP channel subunits (the quintessential metabolic sensors 7 ) and selective up-and downregulation of specific metabolic genes. A causal relationship between FoxO and KIR6.1 expression is demonstrated by electrophoretic mobility-shift assay and by experiments with siRNAs. Second, FoxO1, -O3, -F2, and -J2 are distributed unevenly within different cardiac chambers of the neonatal rat, in association with channel subunits KIR6.1, SUR1A, and SUR2B and 9 metabolic genes. 42, 43, 50 Third, the periinfarcted zone of the rat left ventricle reveals an impressive plasticity of Figure 7 . Differential expression of KATP channel subunits in myocytes from neonate rat heart. A, Quantitative RT-PCR of KATP channel subunits. The mRNA levels were quantified by real-time PCR (I-Cycler, Bio-Rad) with specific primers and TaqMan probes for each subunit (see Table 6 ) and normalized by the 18S RNA level. For n and symbols, see the legend of Figure 4 . Note even distribution of KIR6.2/SUR2A, high levels of KIR6.1 and SUR1A in atria, and high levels of SUR2B in right heart. B, Protein levels of KIR6.1 and KIR6.2 in myocytes derived from the 4 chambers of the rat heart by immunoblotting from 3 separate culture series; below, quantification of gel scans. *PϽ0.05 relative to ventricles. Note higher levels of KIR6.1 protein in atria and even distribution of KIR6.2. Elution of KIR6.2 at an apparent molecular weight of 37 kDa is mentioned by antibody vendor (Alomone) and in many publications. C, Immunocytochemistry for KIR6.1 in cardiomyocytes from different cardiac chambers. Scale barϭ10 m. Extracts for mRNA (A) and protein (B) were made with myocyte cultures derived from each cardiac chamber.
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FoxO1, -O3, -F2, and -J2, associated with the increased expression of KATP channel subunits (KIR6.1 and all SUR) and with the known remodeling of metabolic pathways. 31 These findings support the hypothesis that Foxs mediate the tissue-specific gene expression in the face of different mechanical and hypoxic challenges. Although our study demonstrates a Fox-mediated expression of KATP channel subunits, it does not resolve their quantitative subcellular distribution in mitochondria, sarcoplasmic reticulum, and plasma membrane. In confocal microscopy, immunofluorescence signals from subunits that are endogenously expressed in mitochondria and reticulum overwhelm signals emitted from the adjacent plasma membrane. Thus definite proof is still lacking that sensitivity of atrial and right ventricular myocytes to diazoxide or CCCP is explained solely by increased plasmalemmal KIR6.1, SUR1A, or SUR2B.
Would plasticity in KATP channel expression and composition be advantageous to the cell? The total absence of cardiac KIR6.2 expression or inactivation by dominant negative KIR6.1 is clearly detrimental to the tolerance of intense exercise in mice. 9, 10 Thus increased expression and function of KATP channels carry vital benefits. The increased expression of KIR6.1 (a channel subunit of lower conductance than KIR6.2 51 ) and the expression of SUR1A and SUR2B may serve to limit the maximal KATP current while increasing the sensitivity to ADP 52 and to a metabolic challenge. One may anticipate that following myocardial infarction, the periinfarcted zone will readily adapt to hypoxia. The risks of reentry arrhythmia are minimized, because the low conductance KIR6.1 subunit prevents an excessive shortening of the action potential. 8, 25, 53 Interestingly, recent studies unrelated to KATP channels have shown that myocardial infarction, 54 myocardial reperfusion injury, 55 heart failure, 56, 57 or myocyte hypertrophy 58 induce an overexpression of FoxO. Other studies unrelated to FoxO have shown increased expression of KIR6.1 following ischemia 16 and exercise. 17 Moreover, recent work suggests that FoxO and KATP channels reduce cardiac ageing and electrical instability in drosophila. 59 Our results thus link tissue stress and expression of Fox and KATP channels into a coherent framework.
Other sensors of energy status impact on the expression and function of Foxs. AMP kinase (AMPK) 60 -62 may signal metabolic stress (AMP/ATP ratio) to Fox. [63] [64] [65] We show that FoxO1 and -O3 strongly increase the expression of AMPK␣1 in atrial cells; in hepatocytes, AMPK stimulation directs FoxO1 to the proteolytic degradation pathway, 60 possibly in a negative-feedback arrangement. Sirtuins 66 are activated by the NADϩ/NADH ratio and trap FoxO1 in the nucleus of hepatocytes. 67 The low-oxygen sensor HIF1␣ 68,69 is a potential transcription factor for FoxC2, -F2, -O1, and -O3 (supplemental Figure V) . Homologs of SREBP1a act as oxygen sensors in fission yeast 70 ; SREBP1a is a potential transcription factor for expression of the SUR2-KIR6.1 and KIR6.2 genes (Figure 1) . Although not exhaustive, this list of energy and low-oxygen sensors demonstrates their potential, intimate relationship with Foxs.
Based on present experiments and previous studies, 27,71-73 we consider that each cardiac chamber is chronically exposed to a different workload, metabolic demand, and metabolic supply. This leads through as yet unidentified signal transducers to different expression profiles of Foxs and thus of KATP channel subunits and key enzymes for ␤-oxidation or glycolysis. In response to an increased workload, each cardiac chamber adjusts its local excitability, force of contraction, and mobilization of metabolic pathways, thus optimizing the overall adaptation of the heart to stress. In pathological situations, for example, after myocardial infarction, the chronic stretch 45 or possibly recurrent ischemia in the infarct border zone remodels the left ventricular wall, changes the KATP channel profile, and modifies the expression level of key enzymes of ␤-oxidation and glycolysis. Controversial results regarding the switch from fatty acid oxidation to glycolysis 32,74 -77 may result from a variable interplay between FoxO3, -O1, -F2, -C2 and PPAR expression.
In conclusion, FoxF2, -O1, -O3, and most likely -C2 and -J2 are intimately involved in both metabolic sensitivity of Table 6 . Note significant associations with FoxF2 and FoxO. 
